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I. INTRODUCTION

There is currently a great interest in the mechanisms by which

intense electromagnetIc radiation interacts with plasmas. A major impetus

for this interest has been the laser—pellet fusion program. The process

• whereby the incident electromagnetic wave gives up energy to the plasma

can be touch more complex than simple binary collisional damping by electron—

ion collisions.

Even for relatively weak electromagnetic fields, the electrons

acquire a quiver velocity which can be a few percent of their thermal velocity.

The resulting charge separation can supply an energy source for instability.

The long wavelength driving electric field can provide, for example, a

coupling between electron plasma oscillations and ion acoustic waves of the

same wavenumber, and they may grow together with the energy supplied by the

external field. These waves, in general, have much larger wavenumbers

(slower phase velocities) and are subject to much larger Landau damping than

• the pump wave, leading to so—called anomalous absorption. Therefore, the

• conversion of laser radiation energy to plasma heat occurs through classical

• Inverse bremsstrahlung, augmented by resonant absorption and parametric decay

processes at the critical layer (w = w ) and the quarter—critical layer
p

( = 2u ). Both computer simulations and microwave experiments have shown

that these parametric processes can produce large tail heating of the electron

distribution. These suprathermal electrons can penetrate the core of the cold

DT pellet making compression of the pellet much more difficult (preheat). A

related problem Is that fast electrons do not efficiently couple their energy

into the outer layers of the pellet , thereby reducing the compression (decoupling).

Absorption at the resonance layer can also lead to caviton formation and pro—

~~~~ modif ica t Ions . Fa st Ions cnn a l so  hr . gcn r r nt e d  du r ing  . in omn iou • ahsorp t ion
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processes and have accounted for as much as 80% of the absorbed laser light

In some experiments. The production of fast ions therefore constitutes a

seriousjoss mechanism for irradiated pellets. In addition to the decay

Instabilities, the backscattering parametric instabilities——stimulated

Brillouin scattering (SBS), stimulated Raman scattering (SRS), and stimulated

Compton (SCS)——caii occur in the underdense region outside the critical

layers, preventing efficient absorption of laser light. The backscattered

light in target experiments has ranged from 10% to 50% of the incident

Intensity.

Direct comparison between theoretical predictions and laser—pellet

experiments Is hindered by the small size and short time scale of these

experiments. Therefore, we have chosen to perform experimental simulations

ifl larger. less dense plasmas . in order to elucidate those erocesses of

importance to laser—fusion. We will discuss two examples of such experimental

simulations which were performed in our laboratory. In the first experiment ,

the proposed control of parametric instability produced suprathermal electrons

has been investigated using high power microwaves in a large, tenuous plasma .

The second experiment to be discussed Involves the study of the reflective

Instability using an underdense plasma irradiated by a CO
2 
laser.

A third experiment, recently underway , is the study of self—focussing

instabilities in plasmas using both far—infrared lasers and pulsed microwave

sources.

~

I I 

~

II. Paranv’tric Instability Control Using Finite—Bandwidth Pumps

- 
As mentioned earlier , the absorptive instabilities 1 (parametric decay

and oscillating two—stream) can produce nonthermal , hot electrons which can

prevent the successful reali7 ltion of la(,cr—pellc.t fusion r: 

::::
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can penetrate the core and impede the compression of the pellet (preheat)2.’

There has therefore been considerable interest  in means to increase the

instability thresholds and decrease the growth rates.

A proposed method to contr~l parametric instabilities is to properly

shape the bandwidth characteristics of the incident electromagnetic radiation.

/ Theoretical irivestigations3 8  and computer simulation9 have indicated that

a finite bandwidth pump can significantly Increase the threshold power and

reduce the growth rates for parametric instabilities. The physical

mechanism responsible for this control is illustrated in Fig. 1. Figure 1(a)

depicts the threshold power for parametric instability as a function of the

frequency of a narrcwband pump. The instability resonance width is characterized

by the quantity y. The lower graph typifies the Fourier power spectrum of

a fini r~ banAwidrh purup . If the b andwidth  tvi~ ~~s mt~ch le rg~ r ~~~~~~~~~ the in~ r~hi1Ity

resonance wIdth Y , the effective power available to excite the instability

is related to the incident power P by n e f f  
= y/Aw . The e f fec t ive  power is

illustrated in Fig. 1(b) by the cross—hatching. Mote ri gorous theoretical

treatments 3 ~ have tended to support this simple intuit ive model. However ,

the majority of this work has been concerned with the e f fec t s  of f i n i t e  pump

bandwidth on only a few coupled modes. More recently, a weak turbulence

treatment of the problem has been published 10 . Space and time limitations

preclude a detailed discussion of the various theoretical approaches. However,

we note that there appears to be some disagreement about whether the actual

mechanism responsible for the finite bandwidth is important. Tamor 8, for

example , has noted that there should be a difference between coherent aad

incoherent bandwidth mechani sms on the excitation of the parametric decay

Instability. Other authors find that In the limi t of large bandwidth , the

par t icular  mechanism Is u n i m p o r t a n t  ~~. We also note that a complete theoreti cal

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ • • • - -~—~~~~~~~~~~ —~~~ -- .--- _ -‘~~ _____.~~~~~~~~~~ •___ ~~~
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Fig. 1 Illustration of finite bandwidth pump control of parametric

instabilities. (a) The narrowband threshold curve is indicated as

a function of pump center frequency . (b) The power spectrum of a

broadband pump is shown with the “effective” power indicated by 
the

F “ cross—hatched region.
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5.

treatment of the actual conditions with pump depletion , mode coupling,

plasma inhomo genit ies , f ini te  interaction length , etc. is qui te  d i f f i c u l t .

We have therefore chosen to investigate the problem exper iment:ally in

the microwave region.

An additional motivation for undertaking a microwave experimental

• simulation of the effects of finite bandwidth was the results of the experiment

by Yamanaka et a111. In this work, the plasma heating due to both a broad-

band laser (Nd—glass oscillator) and a narrowband laser (YAC oscillator) was

studied . In consrast to theory 3 9  it was found that the broadba nd laser was

more effective in heating the plasma. This result was attributed to the

double pump resonance effect discussed by /,rnush et al12 . They find that two

pumps can, under certain conditions, reduce the threshold for both the

parametric decay and the oscillating two—stream instabilities.

In order to resolve such questions, as discussed above, we designed

two microwave experiments. In the first experiment , the instability was

excited electrostatically be means of an rf excited gridded capacitor plate
• 10 —3

structure immersed in a low density plasma (i-i 10 cm ) .  In tois relatively

low power experiment (P 
~ ~th~ ’ 

we examined the effects of finite bandwidth

on the threshold and growth rate of the instability produced Langmuir and
‘.1

Ion acoustic waves. In the second experiment, the parametric instabili ty was

excited by freely propagating microwave radiation launched by means of a

gridded waveguide horn into a near critical density plasma. For these latter studies,

sufficient power leve].s were employed to observe instability produced fast
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hA. Instability Excitation by an Electrostatic Pump

Figure 2 depicts schematically the experimental apparatus used in

this investigation. An unmagnetized , electrostatically confined 13 ’” plasma

of 100 cm length and 35 cm diameter is produced by a filament discharge with

argon f i l l  pressures of 0.4 mTorr. Typical plasma parameters are electron

~1 temperature KT 2—3 eV , temperature ratio T/T . 8—10 , plasma density

= (2—18) x 1o9 cm 3 and total background fluctuation level An/n < 0.1%.

The rf pump is introduced by means of a gridded parallel—plate capacitor

system (5 cm diameter , 3 cm spacing, mesh constant 5X~~) similar to that

of Stenzel and Wong 3 5 . The grids produce a slight local density depression

with a density gradient of 2%/cm .over several centimeters from the grids.

Shi elded doub le an d single Langmuir probes are emp loyed to monitor plasma

• parameters and to d~~ t e ct  i n st ~~h i 1 it y  produced p 1a~ rna waves.

Upon application of narrowband rf power to the grids , a we l l—defined

ion disturbance (ct
1/2-ir 400 kHz) appears when the power exceeds a distinct

threshold value and the frequency is near the electron plasma frequency

> W
pe~~ 

Figure 3 shows a spectrum analyzer presentation of the low frequency

spectrum together with the corresponding high frequency decay spectrum for

a power level considerably above threshold. As the power is increased , the

spectrum becomes broad and turbulent as indicated in Figure 4. The observed

value of the threshold power together with frequency matching (w = W
e 

+

and propagation velocity measurements indicate that the parametric decay

Instability is excited by the pump. It should be noted that the  observed most

unstable ion wave yields a value for kX D 0.1 which is smaller than that

predicted by the homogeneous theory (kA
D 0.18). This is probably due to

convective losses which would favor the excitation of decay waves with lower

group velocity (siniller kA De) The growth of the Ion ~coucric w-ive ~~c shown
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In Fig. 5 when the rf source is pulsed. The finite propagation time to the

probe and the persistance of the oscillation after cessation of rf excitation

agree wi th the ion acoustic velocity for our plasma (C 2.3 X 1O5 cm/see).

• The resonance width of the instability, as determined by a narrow—

band pump , is typically 3% of the pump center frequency. Here the resonance

width is defined as the full width of the threshold power curve at the twice—

power points where threshold fluctuation levels are defined as > 0.05%.

I The resonance width calculated from uniform plasma theory is — 4%.

• Several different finite—bandwidth pumps were employed in this

experiment. By operating in the microwave region , we were able to precisely

control the pump characteristics and make detailed comparisons with theory.

- • In one scheme, finite bandwidth was produced by random amplitude modulation

• of the pump usIng urs ian  white noise. In a d i f fe ren t  apprr ~~ch , q

was produced whose bandwidth is due primarily to phase modulation. The rf

field of this source is given by E(t) = E cos (w t + cz (t )  where c x ( t )  is t h e

particular phase modulation function. The attendant amp litude modulation was

held to less than 20% for the random phase modulated pumps.

Figure 6 displays the observed ion acoustic fluctuation level for both

• a narrowband and a noise amplitude modulated (~ -~ 4%) pump. In each case

the pump center frequency was adjusted to coincide with the value for mini xnunL

threshold. Here A is the mean density f luc tua t ion  level in the f requency

range of the instability produced ion waves [-.-
~ 
0.1 — 1 Nllz]. A definite

reduction in the saturated ion fluctuation level is observed to occur for the

wideband pump .

I . The effect (on the power req u ired to obt a in va r ious d en s i t y  f l u c t u a t i o n

levels) of varying the noise pump bandwidth in presented in Fig. 7 whe re the

~ bandwidth ranges from essen t fal ] .y  zero to -~~4%. The lowest amp litud e ,

_ _ _ _ _  -— -•~~~~~~~~ -~ - • •-- -- - - • -- —-— -~~ — --
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A = 0.1%, corresponds to the threshold level where the instability first

appears distinctively above the background fluctuations . In the limi t Aw >>

theory 3 ’  predicts that the threshold power and pump bandwidth Aw are

linearly related . Over the range of power levels and bandwidths investigated ,

this relation was found to be approximately satisfied riot only for the

instability threshold power , but also for the power necessary to achieve a

- • 
given level of saturated density fluctuations. The straight line fit to the

data presented in Fig. 7 is evidence of the validity of the theory. The

nonzero intercept of the lines for &iJ = 0 is indicative of the limitations

of the theory which does not take account of the precise interaction of the

pump at frequencies outside the resonance region. An estimate of the instability

resonance width at each fluctuation level may be obtained from the slope of

the lines in Fig. 7. Alternatively , the resonance width may be obtained

directly by varying the frequency of the narrow—band pump and observing the

width of the instability curve at the twice—power points for a given fluctuation

level. The results obtained from both techniques arc compared in Table I and

are found to be in reasonable agreement.

TABLE I. Instability resonance width L~w/2ir

Fluctuation b• I level Resonance widtha Resonance width
-
~~ (%) (MH z) (!.fliz)

0.1 25 16
0.2 14 8

• 0.3 8 6

aResoflance width determined using narrow—band pump.

b . .Resonance width obtained from slopes in F1g. 7.

_ _ _ _ _ __  —.- - •- --- •• - -•
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We have also examined the effects of finite bandwidth on the saturated

level of the instability as a function of pump power and center frequency.

Figure 8 shows the average ion density fluctuation level A for several noise

pumps whose bandwidth is due to noise phase modulation. The width ~ 
‘
~~~ -~~ of

the noise phase—modulated -pump is varied from — 0% to 1.2% in Fig. 8, v liile

the pump power is increased from 0.5 to 2 W in 0.5 W increments. Increased

• thresholds and decreased saturated levels are evident as the bandwidth  is

increased beyond the instability resonance width. Note that in this ease,

the bandwidth is due to a distinctively different mechanism from the previous

results, where the pump was amplitude modulated. The similarity of the

results for random amplitude and phase modulated pumps in the large bandwidth

limit (tirn > 1) is in agreement with theory .

We have also employed another broadband pump where the bandwidth mechanism

is coherent, and the spectral power distribution is discrete rather than

continuous. For the case of sinusoidal phase modulation , the rf electric

field is given by E( t )  E cos(w t + XSIflWmt) where CAl
m 
is the modulation

frequency and X is the modulation index. The Fourier amplitude spectrum of

this pump may be expanded in terms of Bessel functions. its spectrum consists

of the fundamental with amplitude proportional to J (X) and modulation side—

bands of amplitude J~(X) and frequency w = w ± nw , where n is an integer.

This is shown in Fig. 9 where we illustrate the possible effects of using

such a pump with w > y to control parametric instabilities. An Improper

choice of center frequency could in some cases increase the instability

level.

• In Fig. 10 we present the experimental results where the sinusoidally

phase modulated pump Is tuned to resonance center and w >> 1. Here we plot
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the normalized threshold power as a function of the modulation Index x. The

power contained within the fundamental center lobe is proportional to J 2
(x).

Therefore, simple theory predicts that the threshold power is proportional

to

P (x) J 2(x) P (o)• thres o thres

-
~~~~ The solid line In Fig. 10 is the theoretical result (i.e., simply a plot of

• J
2(x) while the points are our experimental results. There are no “fitted”

points. This result was obtained theoretically by Thomson and Karush 5.

We have also examined the results of sweeping the center frequency of

a sine modulated pump through the instability resonance. In Fig. 11, we

display the saturated amplitude of the ion fluctuations as a function of

pump center frequency for several power levels. Here the modulation frequency

w is comparable to the instability resonance width y. The modulation index
-

is zero for Fig. 11(a), i.e., the narrow—band case , and increases in Figs .

1l(b—d). In Figs. 11(c) and 11(d) where the modul.ation index is large , we

see an apparent offset of the resonant frequency as the pump sidebands pass

through the instability resonance.

We also investigated the effects of finite bandwidth on the growth of

the instability. For the case y >> ~ w > y ,  where is the instability

exponentiation rate , we observed no change in growth rate when using e i ther

coherently or incoherently modulated pumps. Figure 12 shows the growth of

the ion decay waves for both a narrow—band pump and a coherently modulated

sine pump (w y). At the lower power (Fig. 12(a)) finite bandwidth completely

eliminates the instability , while at higher powers (Fig. 12(b)) it slows the

growth rate.

We also examined the effects of finite bandwidth on the instability

spectra. In Fig. 13, the spectral power distribution in the ion fluctuat:ions

——-
---

~

• - -- ---- -

~ 
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Fig. 12 Parametric instability produced density fluctuations for a

narrowband pump and a coherently modulated sine pump COrn 
y ) .

NA~ F~C~~ s u ~ou.~ L
~~~r ~~‘~~‘~~: ~~~~~~~~~~ 

-~~~ ~~~~~~~~~~~~~~~~~~~ ,‘~~• ~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~ ~~~~~~~ 
.—~~_‘v••—,~,—. —‘

- -I

I

r I

P- .9W

- _ i~ I
-

- -

• I . ‘- ‘I -• 
— ~I - •

~
-• “ - ‘ . . -- - i  

-— - - -  - - -  ~~ ‘~~- - .~~~~r ;

~‘1 12W

- • .

- 
-~ 1 ~ • ..- ~~~~ ~~~~ - ..

~ 
•~... . .1 

I 
~~

•. — - . - .- - . • - •

-
~~

-4 1 ‘1 22W
- - ,~

.• I ~~.. ~ • • •
Ii . I. i~ ‘~ 

- -1
.. ,•  

• ; i~~ . ~ I ~ ‘~- -I
I ~~~~~ ~ i I

— ~~~~~~~~~~~~~~~~~~~ - LAIL. ~~~~~~~~~~~~~~~~~~~~~~~~ 
---— -——_.

~~~~~~~~~_:.

.IMHzJdiv

• ,. Fig. 13 Low frequency decay spectrum for a narrowband pump , a sinusoidally

phase modulated (
~~~~~ 
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is shown for a narrowband pump , a sinusoidally phase modul.ated (
~~~~~ 

y, X = 1.4)

pump , and a noise phase modulated pump (&o y). At higher powers , the

• 
- modulated pumps produce instabilities whose spectral structure is similar to

that of the narrowband pump at lower power. Note in particular the sharp ion

mode (-
~~~~~ 

400 k flz) for the wide pump desp it e the larger frequency spread in

pump power (&Al >> 
~~~~~~~ 

At snialler bandwidths (Aw , CAl
m 

<< y ) ,  the phase

modulation produced no discernable effects on the ion wave spectra. Upon

examination of the high frequency decay waves, we did find evidence that

finite bandwidth does change the instability mechanism. For the case of

sinusoidal phase modulation with w < y, each of the main spectral components

of the pump can have decay sidebands , indicating a higher order bootstrapp ing

process as indicated in Fig. 14 for a pump power level near the threshold

value. At higher power levels these multipla docay sidcbands become broad

and turbulent as shown in Fig. 15.

We can briefly summarize our results obtained with this lower power

experiment. The ratio ~~~~~~ is the determining factor for finite bandwidth

control. There appears to be no difference between the coherent and incoherent

pump results when Aw >> y.

IIB. Parametric Instability with an Electromagnetic Pump

We wish now to discuss an Investigation of the effects of finite pump

bandwidth on parametric instability using a distinctively different experimental

arrangement than that described in the previous section. The purpose of this

- 

- additional experiment was two--fold. First , we w ished to determine if the

previously discussed finite bandw idth ef f ect s were strongly depe n den t upon -;

~: ; the particular arrangement employed. Secondly , we wished to employ highei-

_ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _  _- -
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pump power levels so that the effects of finite bandwidth on electron tail

heating could be studied.

Figure 16 illustrates the apparatus employed for this experiment. The

experiments were performed in an unmagnetized , electrostatically confined

filament—discharge plasnia13’ ’4 of 100 cm length and 35 cm diameter with argon

fill pressures of 0.4 mTorr. The d ischa rge anode was pulsed (V 100 V , T 5 msec)
11 —3

in order to obtain a plasma density ( 10 cm ) corresponding to near critical

density for the 2.5 — 3.5 CHz microwaves employed. The large electron—ion

temperature ratio (KT 2 — 3eV, Te/Ti 8 — 10) facilitated the excitation

of the parametric decay instability. The electron distribution is bi—Maxwellian ,

with approximately 0.5% of the electrons contained in a high energy tail

(KT 20eV) which arises from the primary electrons associated with the plasma

pxud ’i Lio~i. Trw niicrowavp power (ric~ rim~ < 2 nse~~ ~iur~ r ion  < 2(~ ! ‘ Se(’ ;

P < 1kW) was introduced perpendicular to the chamber axis by means of a

gridded horn. The horn exit aperture is approximately one free space wave—

length wide and extends 8 cm into the chamber. At the higher power level

(~~ 
1 kW) , the vacuum electric field is 145 V/cm at the horn opening which

corresponds to Ti = E (4irn KT )~~ 0.2. The plasma density as a function

of the distance from the dielectric window located at the narrow (entrance)

end of the microwave horn is displayed in Fig. 17. In addition to the radial

density profile shown in Fig. 17, there is a density variation along the

chamber axis resulting in a density gradient scale length of 30 cm at the

I
position of the gridded horn. Unless otherwise stated , the results discussed

herein are restricted to those in which the incident microwave electric field

was aligned parallel to the chamber axis. The mean density of the pulsed

plasma changes by less than 0.1% over the rf pulse duration . The corresponding

1 L change in plasma frequency Is much less than the observed instability resonance

~~~~~~~~~~~~~~~~~~idth~~~~~~~~~~~~~~~~~~~
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At moderate rf power levels (P > 7W and w w) the low frequency

density fluctuations and high frequency electric field f luc tua t ions

characteristic of the parametric decay instability are observed. The

instability occurs within the uniform density region located 10 to 15 cm from

the input window (see Fig. 17). The threshold power level of 7W results in

a vacuum electric field of 12 V/cm at the horn opening which corresponds to

Ti = E (4irn KT ) 1 0.02 or V/V
th 

0.01. Swelling of the pump can be

neglected sInce the density gradient scale length is comparable to the vacuwn

wavelength of the pump . The growth of the instability produced density

fluctuations Is shown in Fig. 18 for a power level slightly above threshold.

In Fig. 19, it is seen that finite bandwidth again reduces the amplitude and

growth of the instability density fluctuations. The 10% bandwidth used in

this result was obtained by random amplitude modulation .

To detect changes in the electron distribution function , movable

multigrid electrostatic energy analyzers were employed. Upon instability

onset, as detected by shielded Langmuir probes of both the double and single

types, an increase in the hot electron current to the analyzers is observed .

Using a rotatable analyzer, the energetic electrons are found to be preferentially

directed along the electric field of the incident microwave radiation.

Upon varying the frequency of the narrowband pump and observing the

instability produced hot electron flux (tU e I > 125 eV) with the energy

analyzers, we found that the resonance width y for hot electron production

increases from 2.4% of the pump frequency near threshold power to 5% at

higher powers (P 300W). These results are presented in Fig. 20. h e r e  we

define y as the frequency FWIIM (at each powe r) of the saturated hot electron

flux due to the instability. A slmp]e extension of present theory 3 9  predicts

that the pump bandwidth can have a ~I?.-1 flcint effect on hr~t eli- rtron prod~ict1r ’ -~

~

-- - -

~ 
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Fig. 17 Plasma density as a Fig. 18. Temporal evoluation of density

function of distance from the fluctuations produced by a narrowband

dielectric window located at pump .
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-
• when Aw > y. This effect was investigated in the present experiment using

both noise phase modulated pumps wi th  bandwidths  variable up to 1.2% and
-
~~~~~ 0

noise ~~p l i tude modulated pumps wi th bandwidths  up to 23% . In both cases the

-• noise employed is Gaussian white noise of adjustable amplitude and bandwidth.

Figure 21 displays spectrum analyzer traces of noise amplitude modulated

pumps of 40 MHz bandwidth 1.3%) and 300 MHz bandwidth (
~

-
~ 10%).

0 
U

o
- - Both pumps have a continuous spectral power distribution which is nearly

constant (± 3dB) over the indicated bandwidth .  The temporal evolution of

the pulsed power of a narrowband pump , a noise phase modulated pump and a

noise amplitude modulated pump are shown in Fig. 22.

Figure 23 shows the growth of the hot electron current to an energy

analyzer for random amplitude modulated pumps with the same average power

(P ~ 
~th~ ’ 

but with different bandwidths (0 � � 10%). In each case the

pump center frequency was adjusted to coincide with minimum threshold for the

narrowband pump . The reduction In hot electron production with increasing

bandwidth are obvi ous.

In Fig. 24, the saturated level of parametric instability produced hot.

electron current in plotted as a function of pump bandwidth at several pump

powers. The ambient current to the analyzer due to the aforementioned tail

is not included here. In all cases, the pump center frequency was adjusted

to coincide with that of minimum threshold for the narrowband pump . Note

that at the lower power levels , where the instability resonance width y is

relatively narrow (-?~~ 2.4%), the wideband pumps effective l y eliminate

the hot electron current. At much higher power levels (P >> there is

some reduction in hot electron current over the n arrowb and pump , but no

elimination up to the maximum bandwidths emp loy ed (
~-~ 23%). The slight
(A)

I i  0
increase in hot electron current shown l.n Fig. 24 for the hi -~1ler powers and
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Fig. 22 Temporal evolution of the pulsed power of a narrowband pump (a) ,

a noise phase modulated pump (b) and a noise amplitude modulated pump (c).
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-

moderate banthddt;h pu m ps 1%) may be due to the slight shift in the

instability resonance center which is observed to occur at high powe r (~:ee

Fig. 20). For the available bandwidths , little difference was observed i n

the saturated hot electron current due to either phase or amplitude modulated

pumps of equal ave~~g~ power as long as Au >> - - f-, where T
g 

is the growth
g

time for instability saturation. When the pump bandwidth is reduced

(Au < < y ) ,  the phase modulated pumps yield hot electron currents

indist inguishable from the narrow pump , while the amp l i t u d e  modu la t ed  p u m ps

produce an appropriately amplitude modulated hot electron current.

The saturated hot electron flux is shown in Fi g. 25 for both the

n arrowband and 300 MHz (~~~~~ 
10%) noise amplitude modulated pumps as a

0
fu nction of pump center f requency for  severa l powe r levels. Near the

instability resonance center frequency, the f i n i t e  b a nu w i d t h  pump i.s observed

to reduce or eve~i eliminate the analyzer hot electron current. However , at

high power , the effective instability resonance width is seen to increase

for the noise pump . In the case of the broadband pump , hot electrons are

detected at pump center frequencies where none are observed with the narrow

pump . This phenomenon may partially exp lain the increase in the i n s t a b i l i t y

• 11
amplitude observed by Yamanaka et al in a finite bandwidth laser heating

experiment.

The effect of finite bandwidth on the instability produced hot

• electron distribution function was investigated. For our pl.-isma , the higher

powe r na rr owba nd pumps hea t a f r a c t i o n  (< 10%) of the electrons in  the 20. V

tail  of the initial electron distribution function to a higher temperature

(— ~30eV) Maxwellian velocity distribution . Reductions in powe r m a i n l y

- - - reduced the number of heated electrons , with only small chaugen in the final

j
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tail temperature . Similarly, we found that the finite bandwidth pumps simp ly

decreased the maximum number of heated electrons, without changing the

temperature of the heated electrons . The relatively small percentage of

‘ 
heated electrons , (< .1% of the total), may reflect the small size of the

instability region in comparison to the hot electron mean free paths .

Figure 26 displays the t ime  evolution of the hot electron current

detected by an energy analyzer for both the narrow and noise modulated

(~~~~~ 
10%) pumps at several power levels. In each case, the pun-p center

frequency coincided with that of minimum threshold for the narrowband pump .

At low power levels (P ~ 21W 3 Ps,), there were no detectable hot electrons

for the wideband pump , while electron tail heating was observed down to 7 W

with the narrow pump . At higher powers , (P ~ 21W) hot electrons are produced

by both pumps and we can compare their respect ive rates for hot electron

production. The initial fast growth in the hot electron current which

saturates and begins to decay 1 ~isec after turn—on for the narrow pump

(Fig. 26(a)) may be due to cavitation 16 or resonance absorption ’7 arising

from the plasma density gradient along the pump electric field. In the next

paragraph , we breifly discuss the observed plasma density profile modifications

which one would expect to occur with these instabilities. Finite pump band—

width appears to drastically inhibit this early, quickly saturated hot

electron production . Nevertheless, at the. higher pump powers the average
- 

- 

dlhotgrowth rate 
— 

e for the hot electron flux produced by the widehand pump
dt

during the f i r s t  few microseconds is comparable to or lar ger than that of

the narrow pump . However , the hot electron flux consistently saturates at

• a lower level than for the narrow pump . When the pump center  frequency Is

not adjusted to narrowband threshold m i n i m u m , the wideb•-ind pumps can have

consistently faster growth rates for a given power th•-in the narrowband pumps,
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similar to the saturation results of Fig. 25.

We have observed density cavities produced by short narrowb and rf

pulses, similar to those observed by Kim et al.16 in Fig. 27(a), we show the

electron density perturbation , as detected by a Langmuir probe biased to

electron saturation, which occurred upon irradiating the plasma with a 150

usec narrowband rf pulse at high power. Note that the density disturbance

continues long after the rf pulse is turned off. Similar density perturbations ,

but with reduced amplitude , were observed for rf pulses as short as 40 nsec.

Figure 27(b) shows the result of employing a longer narrowband pulse with

the same power as in Fig. 27(a). Figure 27(c) shows the reduced density

perturbation produced by the 300 MHz bandwidth noise. pump with the same

average power, pulse duration , and center frequency as the narrowband

pump in  Fig. 2 7 ( b ) .  Coincideni w i t h  the f o A m a L i o u  of these ~eti~~iLy ~_ d Vi t A ~~~~t ,

bursts of hot electrons were observed to occur along the pump field. The

hot electron flux produced by an 80 nsec duration narrowband rf pulse is

shown in Fig. 28(a). The peak of the  hot elec t ron  cu r ren t , a f t e r  accoun t ing

for instrumental delays , occurred 60 nsec after termination of the rf heating

pulse. This period is long compared with the hot electron (1U 01 > 120eV)

transit time to the analyzer (~~~ 
20 nsec). This delay is consistent with the

occurrence of cavitation which leads to the persistence (trapping) of the r f

fields. We have obtained similar results with pulse durations as short as

40 nsec; the peak electron current decreasing for pulses durations < 150 nsec .

Figure 28(b) shows the results using a random amplitude modulated pump

(~~~~~~ 
10%) with the same average power , pulse durat ion and center  f requency

as the narrowband pump used In Fi g. 28(a). Both the bursts of hot electrons

and the density cavities are found to be inhibited by finite pump bandwidth.

I— — -----_-~_ -5- - - —- -~~~~~~~~ —5 - --—-5 - --- -5------ _ _ _ _
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In conclusion, we find that finite pump bandwidth can significantly

increase the minimum threshold and reduce the saturation level of parametric

instability decay waves and the associated suprathermal electrons . It also

can apparently control the hot electron - :oduction due to cavitation. The

fact that finite bandwidth did not produce a marked decrease In heating rates

for nonthernial electrons on all timescales is somewhat surprising In view

of present theory.

III. CO
2 

Laser Experiments on Backscattering in Underdense Plasinas

Of great concern to proponents of laser—pellet  fusion are instabilities

which may occur in the outer underdense regions of the pellet causing

reflection of incident laser energy. One such parametric instability is

stimulated Brillouin scattering (SBS) in which the impinging electromagnetic

wave drives an electrostatic ion wave unstable and Thomson scatters from i t

primarily in the backward direction.  Extensive theoretical work in the lit-

erature gives the dependence of the threshold on plasma inhomogenel ty length

and finite interaction length 18’’9’20 ’21 . Reflections observed from solid

target experiments are not inconsistent with SBS, though a definite identif ication

of the instability is complicated by plasma formation and expansion and by

other reflective instabilities which occur at the quarter—critical and critical

density surfaces.

At the UCLA Plasma Engineer ing Labora tory ,  an experiment was conducted

to test the finite—length linear SBS t h e o r y  in a p lasma w h i c h  was everywhere

underdcnse. The experimental appartus is shown schematicall y in Fig. 29.

The plasma was produced by a 30—kA discharge between hol low e lec tiodes  1.9 cm

i.d. and 10 cm apart with or without a 4 kG axial magnetic field. Typical

-i 
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16 — 3
background plasmas of n 10 cm and T 4 eV are created. A CO

e e 2

laser chain consisting of a Lumonlcs 103 oscillator and three Dumanchin

amplifiers produced a 45J, SOns gain—switched pulse in a 3.2 cm diameter

beam. When focused axially into the plasma by a 75 cm Ge lens , this  beam

produced an approximately uniform region of illumination 3 cm long and 0.1 cm

in diameter with peak intensity 5 X 10
10 

W/cm
2
. Backscattered light was

collected by the same lens and routed by an NaCl beamsplitter to a Ge:1-lg

photoconductive detector through a Fabry—Perot interferometer. Two—channel

on—axis spectroscopy allowed detailed investigation of plasma parameters

before being irradiated by the laser and gave some indications of parameters

during irradiation. In the latter case , a pit is burned in a lucite plate

at the laser focus by a single attenuated oscillator pulse and illuminated

by a GW He—Ne al ignment  laser to allow precise alignment of the spectroscep ic

channels to the CO
2 
focal volume .

Stray light is lO~~ of incident power and sets the detect ion th resho ld .

Typical time histories of stray and scattered light are shown in Fig. 30~
Fig. 30(a) is a stray light signal from the photoconductor and Fig. 30(b)

shows a spiky backscatter signal on the t r a i l i n g  ed ge. The delay between

the laser peak and backscatter peak is attributed to the time history of

plasma electron temperature due to laser heating. The peak electron—ion

temperature ratio, corresponding to minimum SBS threshold , probably occurs

some time after the peak laser intensity. In (c) may be seen some later

backscatter followed by a smooth peak well out into the tail of the laser

pulse. The cause of the later pulse has not yet been determined.

Before looking at Pabry—Perot scans of the backs cai-tt-red spectrum ,

let us look at another check on the existence of the ion wave that would be

— character is t ic  of SBS . This is a direct  menn~;-o f observ1nc~ the field at thr

_ _ _ _ _
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FIg. 30 Backscatter signals: (a) 10.6 ~im stray light (plasma off);

(b) typical backscatter plus stray light (plasma on); Cc) same ;

(d) top trace : same pulse as (c) on 2—beam scope ; bottom trace :

6632 A forbidden line signal (inverted). Sweep: 200 ns/div.
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Fig. 31 Schematic of forbidden line diagnostic

_ _ _ _ _ _ _ _ _ _ _



-_,_ - —r-- 
- —5--— _ ——5-----——5--’5-_- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ‘~~~~ ~~~

p 
- - -5- —5 - - - - 5 -— —~~~~~ - -—  -5 — — — -5 — -5-- -

34.

low ion—wave frequency by the time—dependent Stark effect. A normally for—

31P — 21P t ransit ion in Hel (see Fig. 31) is induced b y th is  f i e ld  and the

ratio of the signal from that line (6632 X) to the emission at the assoc ia ted  

-

1 1allowed 3 D — 2 P line (6678 A) is an increasing f u n c t i o n  of the ion—wave

field. Figure 30(d) shows a backscattered signal (upper trace) and

forbidden line signal, and time correlation of the latter with the former

is observed. Though not shown in this photograph, the second spectroscopic

channel may monitor the continuum or allowed line to guarantee tha t the

enhanced emission is indeed due to the forbidden transition .

Shot—to—shot frequency scans of the backscattered radiation have been

made in plasmas of He , A , and H
2 

and may be seen in Fig. 32. Zeff may be

inferred from spectroscopically determined densities to be 1, 2 , and 8 for

for H2 , He , and A respectively; y = 1 and ~y .  = 3 from physical a rguments ;

T / T . from computer simulation of our plasma to be -
~~ 2.5, 3, and 7 for the

three gases respectively . Hence, one may assign electron temperatures to

the observed red shifts of the scattered light if the shift is due to

acoustic waves: T
e 

= 
~~~~~~ 55, 130 eV for  H2, He , and A respectively.

As diagnostics of the laser—altered plasma were not sufficient to pin

down the temperatures in the focus and show agreement w i t h  these red s h i f t s

in the scat tered li ght , a computer code was developed on the UCLA campus

Computing Network ’s IBM System/360—9l to calculate the time evolution of

plasma parameters. Included in the model were : 1) inverse Brcmsstrahlung

heating of the electrons by the laser; 2) collisional energy transfer between

electrons and ions ; 3) electron and ion heat  c o n d u c t i on ;  4) h y drod yn amic

expansion of the heated plasma into the regions of cold background plasma ;

5) ionization and recombination between Ion species up to Z = 8 for  A; and

_ _ _ _ _ _ _ _ _ _ _ _ _ _  ~~~~- - - ~~~~~~~~~ - - -- —~~~~~~~~ — — — —5-  - --— - -~~~~~~~~~ - - -5- -
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Fig. 32 Intensity of backscattered li ght vs. redshift . Bars indicate prob ably

error of mean of several shots. Curves are scans of s’ray light and indicate

finesse and free spectral range of interferometer.

4. r
HYDROGEN HELIUM ARGON

8;.
_Te

ELTN

T LINTH}
//TN

T
0 40 80 120 0 40 00 120 0 40 80 120

TIM E ( n secs) TIME ( o secs) T IM E (n secs)

Fig. 33 Temperoal evo lu t i on  of plasma parametcr~; obtained from comnuter

(. s imulation .
1;

I1_______________ 
_ _ _  - - - - - - - -5-- ———---~~ - - --—-5--~~~~~~~~~-



_____ 5- 5-- 
~~~~~~~~~~~ 

-5 -~-~—--.-5-— ~~~~~~~~~~~~~~~~~~~~~ ~~*** 5 - 5 -  - 5- ---*-.- -— - - - 5-_5- 5-_~~
_

~~ ~~ - - - - - - -- -—5----..

—- -5—--—-  —~~~~~ -- - -  - - -5--- --

36.

6) modification of collisional transport processes to include contributions

from multiple ion speci- s including neutr~ils. Results of the calculation

were found to be in agreement with other codes in the literature when the

processes included were the same, though none of those included ~fll r r c c - s ~~’s

listed above . The temporal evolution of T
1, 

Te~ ~e 
and the 1as~ r inte nsit-

obtained from the computer simulation is shiwn in Fig.  33 for c~i~ 1L -f t i l e

three gases. As suspected from experimental observations , the ;ode pred icte d

a short period of modest heating followed b y avalanchc-  i o n i z a t i e n  and

stronger heating with peak electron temperature occuring shortly ~i ftt- r peak

laser intensity at the optimal time for backsca t t e ring .  As i n d i c a t e d  in

• Fig. 34 the absolute values of the peak electron temperature were lower

than those implied by the scattering spectra , though the  variation wi th

fi l ling gas is similar. - 
L

Finally, we can compare the absolute magnitude of the threshold in

the theory. From the intensity of backscattered light (about 50 W), one can

infer that the excited ion waves have amplitudes about 9 or 10 e—foidiri gs

above the thermal level. The finite—interaction—length theory predicts the

laser intensity necessary to achieve a given number of e—foldings . This

intensity depends on the ion Landau damping rate and is shown in Fig. 35 as

a function of T
e (actually, T/T .), for various densities. Since the densit y

-

- 
- at the focal spot after ionization by the beam is measured to be about iol7 

cm

it is seen that even our re-ak Intensity is be low th resho ld  if no electron

heating takes place. However , when the electrons are heated to the temperatures

measured and calculated , the T/T
1 

ratio increases , and the threshold drops

so that backscatter-tng can occur even in the tail of the pulse , as we observe .

This threshold intew;i ty is much higher than that for homogeneous p lasmas or

for inhomogeneons plasmas with long temperature ’ scale l e n g t h s  (as in  our case)

~~~~~~~~~~~~~ —~~~~~~~~~~ - -
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- 
and therefore  gives credence to the b a s i c  correctness  of the finite—length

corrective threshold. Although SBS has been seen also i.n other experiments ,

th is is the only one in which the results are consistent with excitation

sta r ting f rom the thermal f luc tua t ion  level.
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